Abstract: Synaptotagmin-like protein 4 (Slp4), expressed in human platelets, is associated with dense granule release. Slp4 is comprised of the N-terminal zinc finger, Slp homology domain, and C2 domains. We synthesized a compact construct (the Slp4N peptide) corresponding to the Slp4 N-terminal zinc finger. Herein, we have determined the solution structure of the Slp4N peptide by nuclear magnetic resonance (NMR). Furthermore, experimental, chemical modification of Cys residues revealed that the Slp4N peptide binds two zinc atoms to mediate proper folding. NMR data showed that eight Cys residues coordinate zinc atoms in a cross-brace fashion. The Simple Modular Architecture Research Tool database predicted the structure of Slp4N as a RING finger. However, the actual structure of the Slp4N peptide adopts a unique C 4 C 4 -type FYVE fold and is distinct from a RING fold. To create an artificial RING finger (ARF) with specific ubiquitin-conjugating enzyme (E2)-binding capability, cross-brace structures with eight zinc-ligating residues are needed as the scaffold. The cross-brace structure of the Slp4N peptide could be utilized as the scaffold for the design of ARFs.
Introduction
Cross-brace zinc finger motifs, which bind to two zinc atoms, are a common feature found among RING, 1 PHD, 2 FYVE, 3 and ZZ fingers. 4 Besides this shared, common structure, each domain is unique with a specific biological function. 4 For example, the RING finger plays a role in protein ubiquitination, a key post-translational enzymatic cascade reaction. 5 RING fingers have ubiquitin-ligating (E3) enzymatic activities and carry ubiquitin (Ub) on the E-amino groups of substrate Lys residues. 6, 7 All RING structures have an essential helix region (active site), 8 which allows for their specific ubiquitin-conjugating enzyme (E2)-binding capabilities to achieve ubiquitination. 1, 9, 10 In contrast, the PHD, FYVE, and ZZ fingers do not function in ubiquitination because of the lack of functional helix structures. 2, 3, 11 We recently developed the "a-helical region substitution" method to engineer an artificial RING finger (ARF) that functions as E3 and enables the detection of E2 ubiquitination activities. 12 This methodology may lead to novel cancer diagnostic techniques because E2s are associated with various diseases such as leukemia, 13 lung cancer, 14 and breast cancer. 15 ARF is created by grafting the active site of the RING finger into other cross-brace zinc motifs. To note, if the PHD finger is used as a scaffold, the grafting could confer the E3 activities of the RING finger to the PHD finger. 16, 17 Atomically elucidating their structures is critical in order to extend this method to various cross-brace zinc fingers and to explore the necessary positions for the grafting of active sites. Human synaptotagmin-like protein 4 (Slp4) contains the N-terminal zinc finger, Slp homology domain, and C2 domains. 18 Slp4 is specifically identified on dense core vesicles in PC12 cells. 19 In the present study, in order to augment the list of cross-brace zinc fingers as a scaffold for ARF, we investigated the solution structure of the N-terminal zinc finger (Slp4N) of Slp4 through nuclear magnetic resonance (NMR). The Universal Protein Resource (UniProt) search provides the annotation (Q96C24) of a FYVE finger on Slp4N; however, it is predicted to have a RING structure as per the Simple Modular Architecture Research Tool (SMART) database query/search. The present structural analysis revealed that the actual Slp4N structure constitutes a unique C 4 C 4 -type FYVE fold in a cross-brace arrangement, and it is distinct from a RING fold.
Results and Discussion
The Slp4N peptide binds two zinc atoms
The Slp4N peptide and its mutant (H27A) were synthesized based on the sequence shown in Figure 1 (A). The ability of the Slp4N peptide to coordinate zinc ions was analyzed through cysteine modification using p-hydroxymercuribenzoic acid (PHMB). [20] [21] [22] The zinc ions released from the Slp4N peptide by PHMB were then quantified using the metallochromic indicator 4-(2-pyridylazo) resorcinol (PAR N-labeled Slp4N peptide were assigned using conventional heteronuclear methods. 23 The backbone resonance assignments were complete except for the amide protons of Ser1 and Leu53. The zinc-binding ligands of the Slp4N peptide were identified as Cys5, Cys8, Cys22, Cys25, Cys30, Cys33, Cys44, and Cys47, because C b atoms of the Cys residues are between 27.0 and 31.0 ppm. 24 NOE connectivities between the H b protons of Cys5, Cys8, Cys30, and Cys33 showed that these residues are clustered and formed one of the two zinc-binding sites. All Cys residues were completely conserved among Slac2-a (melanophilin), Slp3-a (synaptotagmin-like protein 3), and Slp4N of the Slp family. 18 Our finding demonstrated that the Slp4N peptide adopts the C 4 C 4 -type zinc coordination in a cross-brace fashion. Therefore, NOE distance constraints, including the lower and upper constraints for the tetrahedral zinc coordination, were subjected to structure calculations. The three-dimensional structure of the Slp4N peptide was determined using torsion angle dynamics of the program CYANA 25 and the Smart Minimizer algorithm of the program Discovery Studio 2.1 (Accelrys Software Inc.). 12 A best fit superposition of an ensemble of the 20 lowest energy structures of the Slp4N peptide is shown in Figure 1 (B). The statistics of the ensemble structure and the distance constraints for the Slp4N peptide are summarized in Table I . The 20 lowest energy structures in the well-ordered region (Asp2-Cys47) are superimposed over the backbone (N, C a , and C 0 ) atoms and the nonhydrogen atoms, with root-mean-square (RMS) deviations (RMSD) of 0.38 and 0.97 Å , respectively. The C-terminal region of residues Ala48-Leu53 was not well ordered. The quality of the structures was checked using the program PROCHECK-NMR. 26 In a Ramachandran plot, 93.8% of the backbone torsion angle pairs were located within the most favored regions and additionally allowed regions as shown in Table I . The Connolly surface of the Slp4N peptide, calculated by Discovery Studio 2.1, is shown in Figure  1 (C). Negatively charged Asp2, Glu10, and Asp32 residues gathered at the molecular surface, and on the opposite side, positively charged Arg3, Arg14, Lys18, Arg23, Arg31, Arg34, and Arg43 residues formed a highly basic surface of the Slp4N peptide. The NMR results demonstrated that the Slp4N peptide possesses two pairs of antiparallel b strands (b1: Thr21-Cys22, b2: Asn26-His27, b3: Arg34-Gln36, and b4: Trp42-Cys44) [ Fig. 2(A) ]. The residues Leu12, Leu15, Leu28, Val29, and Trp42 contributed to the formation of the hydrophobic cluster for proper folding. The first (ZN1) and second (ZN2) zinc-binding sites were coordinated by Cys5, Cys8, Cys30, and Cys33 and Cys22, Cys25, Cys44, and Cys47, respectively. This finding indicated that the structure of the Slp4N peptide adopts a crossbraced zinc binding topology.
Comparison with other cross-braced zinc binding structures
Slp4N was predicted to have a RING structure as per the SMART database query/search with an E-value of 0.403. The typical RING structure of EL5 8 (PDB code 1IYM) is shown in Figure 2 (B). The data indicated that the structure binds two zinc atoms in a crossbrace zinc-binding scheme and possesses antiparallel b-sheet and a-helical structures. Most RING structures function in E3 ligases as part of the ubiquitination reaction and transfer activated Ub from E2 to substrate molecules. [5] [6] [7] The a-helical region of the RING structure is crucial for specific E2-binding capabilities. 10 We illustrated that the structure of Slp4N
clearly lacks the functional a-helical region and is thus distinct from EL5. To date, there is no evidence to support such a function for Slp4N. Thus, it is tempting to speculate that Slp4N may not function as an E3 ligase. It seems that there is a challenge in predicting the secondary structure through the sequence database regarding cross-braced zinc binding structures because of few amino acids making up their secondary structures. A search for structural homologs using the DALI server 27 revealed a high structural similarity between the Slp4N structure and the FYVE structure of Vps27p (PDB code 1VFY) with a Z-score of 5.0 and RMSD of 2.7 Å over 49 Ca atoms as shown in Figure 2 (C). All known FYVE structures are stabilized by binding two zinc atoms along the cross-brace zinc-binding pattern. 3, 28 The structural alignments of the Slp4N structure, the EL5 RING structure, and the Vps27p FYVE structure were shown with the highly conserved residues provided by GREMLIN (Generative REgularized ModeLs of proteINs) 29 in Figure 2 (D). The zinc-binding residues are highly conserved among these finger motifs. The crucial a1 for the EL5 RING structure does not exist in the Slp4N structure. However, two pairs of antiparallel b strands (b1, b2, b3, and b4) of the Slp4N structure were found to be similar to those of the FYVE structure of Vps27p, followed by the additional a-helix (a1). Therefore, the present NMR study showed that the Slp4N structure forms a unique compact FYVE fold. The most direct effects of phosphatidylinositol 3-phosphate (PI3P) in cells are mediated by FYVE structures. 3 The FYVE structure of Vps27p binds to PI3P through its binding-pocket formed by Arg188, Lys189, His190, His191, Arg193, and Arg220 of the (R/K)(R/K)HHCR motif [ Fig. S1(A) ]. 3 In the Slp4N structure, the positively charged Lys18, Arg23, and Arg31 residues gather in the molecular surface. The putative PI3P-binding site of Slp4N, formed by the structurally equivalent residues within the FYVE structure of Vps27p, is shown in Supporting Information, Figure  S1 (B). Pro17 of Slp4N is located in the vicinity of the putative PI3P-binding site. It adopts a trans conformation, which was confirmed by the NOEs between the H a (i-1) and H d (i) protons 30 and chemical shift differences between C b and C g . 31 Pro is referred to in a negative sense, it lacks an NH group, and often causes a collapse of the backbone structure. 32 Pro17
promotes the bending of the backbone of Lys18, Thr19, and Asn20 for the putative PI3P-binding site, leading to the formation of a binding site distinct from that of Vps27p. Thus, it is tempting speculate that the Slp4N structure does not bind to PI3P in the same way as Vps27p, and thus, it may serve as a unique binding mechanism for PI3P.
Cross-brace structure for engineering the ARF a-Helical region substitution creates ARFs, which are useful for detecting E2 activities associated with various diseases such as leukemia, lung cancer, and breast cancer as aforementioned. [12] [13] [14] [15] Specifically, monitoring E2 activities allows for the assessment of the pathological conditions of acute promyelocytic leukemia (APL)-derived NB4 cells. 13 When designing
ARFs, cross-brace structures with eight zinc-ligating residues are needed as the scaffold. The a-helical region substitution method is applicable to the Slp4N structure, because it adopts a zinc-binding crossbrace fashion. If the strand regions (b3 and b4) of Slp4N is replaced with the helical region (active site) of the EL5 RING finger, the resulting ARF might function as an E3 ligase. This work unveiled the position and range of the strand regions (b3 and b4) of Slp4N at the atomic level, allowing for the design for engineering a novel ARF using the FYVE structure of Slp4N. Thus, the present structural study provides an important insight into the design of ARFs. Given that ARFs may be clinically used as a cancer diagnostic technique, aspects such as easy handling, transportability, and minimal/no lot-to-lot variations are desirable when designing ARFs. Thus, in the present study, Slp4N was constructed as a 53-mer peptide, and its compact molecular size resulted in successful standard peptide synthesis. As a result, we obtained the compact Slp4N peptide, which could be stored as a powder.
In conclusion, the present work provided the first documented structural study of the N-terminal zinc finger of human synaptotagmin-like protein 4. Using the chemical modification of Cys residues and NMR, we revealed that the N-terminal zinc finger possesses a unique compact FYVE structure and not a RING structure. Future studies, such as assessing ubiquitination and ARF structure, are warranted to extend ARF engineering and construction to various cross-brace motifs.
Methods

Peptide synthesis
The Slp4N peptide was constructed as the Nterminal zinc finger of Slp4, which was identified through the SMART database. The uniformly 13 C and 15 N-labeled Slp4N peptide was synthesized with a C-amidated terminus using the standard F-moc solid-phase method. Chemicals for peptide assembly, including amide resin, were obtained from Shimadzu Corp. (Kyoto, Japan) and Sigma-Aldrich Co. LLC (St Louis, MO). The nonlabeled mutant (H27A) of the Slp4N peptide was synthesized. After cleavage with trifluoroacetic acid, the peptides were purified on a reversed-phase high performance liquid chromatography using a Shim-pack C18 column (Shimadzu Corp.). Peptide purity was greater than 98%, and its molecular mass was assessed by MALDI-TOF MS on a Shimadzu AXIMA-TOF2. The obtained peptide was dissolved in 0.4 mL of 8M guanidine-HCl, and it was subsequently dialyzed against degassed solution (20 mM Tris-HCl [pH 6.9], 50 mM NaCl, 1 mM dithiothreitol, and 50 lM ZnCl 2 ) overnight at 48C using Slide-A-Lyzer Dialysis Cassette (PIERCE). 12 
Stoichiometry of released zinc ions
The concentration of the Slp4N peptide was spectrophotometrically estimated by the Bradford method against bovine serum albumin. Through chemical modification of Cys residues with PHMB and PAR, the zinc atoms were released, and their concentration was estimated at 208C. 20 C-edited NOESY spectra were recorded with mixing times of 80-120 ms.
The aromatic ring resonances were assigned by HCCH-COSY and 13 C-edited NOESY spectra. Water suppression was achieved using the WATERGATE pulse sequence. 35 The spectra were processed using the program NMRPipe 36 and the program NMRView 37 was used for optimal visualization and spectral analysis.
Structure calculation
Peak lists for the 15 N-and 13 C-edited NOESY spectra were generated by the peak picking and integration functions of NMRView. The stereospecific assignments of the Val and Leu methyl groups were used when they were distinguishable in the NOESY pattern. Distance constraints (Zn-S g , Zn-C b , and S g -S g ) between Cys residues and Zn atoms were used to ensure a tetrahedral zinc coordination. 38, 39 Automated NOE cross-peak assignments and structure calculations with torsion angle dynamics were performed using CYANA 2.1. 25 Structure calculations were started from 100 randomized conformers, and the standard CYANA-simulated annealing protocol was used with 10,000 torsion angle dynamics steps per conformer. Dihedral angle restraints and hydrogen bond constraints were not used for the structure calculations. The 20 conformers with the lowest CYANA target function values were subjected to energy minimization using the Smart Minimizer algorithm (Max steps 200, RMS gradient 0.01) in Discovery Studio 2.1 (Accelrys Software Inc.). 12 The tetrahedral zinc coordination was made by the constraints of lower and upper distance limits with force constants of 500 kcal mol 21 Å 21 . The structures obtained were validated using PROCHECK-NMR. 26 The Connolly surfaces of the structures were simulated using Discovery Studio 2.1. The program MOLMOL 40 was used to analyze the resulting 20 conformers. The program GREMLIN was used to capture the conservation and the coevolution in a multiple sequence alignment. 29 
